A pulsed TEA-CO 2 laser in combination with the dynamic fluidized bed powder feeder was employed to deposit a thin CeO 2 buffer layer on the polycrystalline Ni-substrate in nonvacuum environment. Use of the 30° powder jet inclination with respect to the laser beam axis along with the nano size precursor powder deposited a smooth layer on the entire surface of the substrate. Both EDS and X-ray diffractometry analyses was employed to confirm the stoichiometric nature of the deposited CeO 2 buffer layer.
EXECUTIVE SUMMARY
Maintenance work on the DOE CFFF facility remained in suspension for the entire quarter in accordance with the stop work order issued the previous quarter. Work resumed on the environmental restoration activities during the quarter and work performed is summarized.
Progress continued on the five (5) high temperature superconductivity projects under Task 6. On the solgel process, improvement is reported in application of buffer layers to single crystals. Problems are discussed in applying buffer layers to nickel substrates. The status of cost performance studies is summarized. The status of diagnostic measurements directed toward real time control of manufacturing processes is reported with emphasis on measurement of surface smoothness. The results of atomic absorption measurement of MOCVD precursors are reported.
TASK 1 -FACILITY MAINTENANCE AND PROPERTY MANAGEMENT
Work on maintenance of the CFFF was suspended during September in accordance with DOE instructions. 
TASK 2 -REPORTING AND ARCHIVING

DOE issued a Stop
TASK 3 -SITE ENVIRONMENTAL COMPLIANCE AND REMEDIATION
During the quarter, the soil that was removed from around the CFFF diesel tank and spread on a concrete pad for air-drying was sampled for analysis. The analysis indicated residual diesel greater than the 100-ppm limit. Arrangements are being made to landfill this material.
Some non-toxic wastes from the DOE facility was disposed of, but no progress was made on others, including the TRW tote bins filled with spent seed and ash. TRW has not been able to get relief from DOE for accountability of the tote bins.
Water sampling and analysis were completed and the required Discharge Monitoring Reports (DMR) for maintenance of the NPDES permit were submitted.
Air Permit fees have been sent to the State of Tennessee for the maintenance of the CFFF Air Quality Permit.
TASK 4 -SITE REACTIVATION
No work was scheduled or performed.
TASK 5 -DISASSEMBLY AND DISMANTLEMENT (D&D) OF THE CFFF
TASK 6 -ADVANCED TECHNOLOGY, RESEARCH, DEVELOPMENT AND ENGINEERING FOR OTHER FEDERAL OR DOE PROGRAMS
Subtask 6.02 Evaluation of Methods for Application of Epitaxial Buffer and Superconductor Layers
• Dr. J. Chapman and Mr. M. White attended the meeting of the organizations working on the solution-based growth techniques at the January 1999 Wire Workshop and distributed the onepage write-up describing UTSI's program in coated conductors development to the attendees. Next meeting of this working group is scheduled for Friday, April 9, 1999 at the University of Tennessee Space Institute.
• The Topical Report describing our process evaluation and entitled, "Evaluation of Methods for Application of Epitaxial Buffer and Superconductor Layers", was revised based on Dr. Udaya Rao's comments and suggestions. The revised report has been distributed to the DOE-provided distribution list. The revised report also includes new J c versus film thickness data and updated multi-attribute analysis. As a result, MOD, sol-gel, MOCVD, PLD and E-beam based coating options have been identified as the leading ones.
• Also, the technical paper prepared based on the above Topical Report has been officially accepted for publication in the Applied Superconductivity Journal, published by Elsevier Science of Oxford, England.
• The topical report "Bench Scale Evaluation of Solution-Growth Based Techniques for Manufacturing HTS Wire/Tape" was forwarded to DOE for approval.
Results and problems faced during bench scale coating of LaAlO 3 by the sol-gel technique are as follows:
For LaAlO 3 on SrTiO 3 As a preliminary step to applying sol-gel LaAlO 3 on Ni, it was thought wise to first confirm its proper deposition on single crystal SrTiO 3 , following changes in personnel and equipment at UTSI. Initial mistakes were made of applying LaAlO 3 to YSZ and LaAlO 3 single crystals, rather than SrTiO 3 . When finally applied to SrTiO 3 , however, the results were good. Two samples (K 1 and K 2 ) were done and LaAlO 3 texture was determined by x-ray diffraction omega and phi scans (see Figure 6 .02-1 through Figure 6 .02.4).
An omega scan yields the degree of out-of-plane crystallite alignment. The 5x10x0.5-mm SrTiO 3 crystals had essentially all (100) planes parallel to their large surfaces. The thin film of LaAlO 3 deposited on the SrTiO 3 grows epitaxially so that it also has (100) planes parallel to the surface. Real crystals or crystalline films contain disorder such that atoms are not lined up in mathematically precise or continuous planes. The XRD LaAlO 3 (200) omega scans measured the average deviation of the (200) planes within the LaAlO 3 films from being parallel with the sample surfaces. The results were 0.150 and 0.161 degrees FWHM for the two samples, which were the lowest, obtained to date by UTSI, applied for LaAlO 3 films on SrTiO 3 . The reason probably is related directly to the thinness of the films. The films were so thin that they could hardly be seen. Thin epitaxial films are overall more perfect than thick ones because disorder progressively increases away from the interface. 
For LaAlO 3 on Ni
For coating with LaAlO 3 , many samples of annealed Ni are available from earlier annealing study work. However, those samples were annealed with widely varying time, temperature, and sometimes atmosphere so that there is much variation of texture and surface smoothness. It will be desirable for the LaAlO 3 /Ni project to decide on one annealing condition and to anneal Ni specifically for the project that is as much alike as possible.
To date no LaAlO 3 /Ni has been produced other than that previously reported, which showed about 50% biaxial texture and 50% with 45° in plane rotation. There was also doubtfully complete LaAlO crystallization, because the LaAlO reflections were very weak. These coating problems may have resulted from two Ni substrate problems, namely poor annealing texture and a thin surface film of (111) textured NiO. Objectives of the current LaAlO 3 /Ni work will be to overcome those problems. One approach is to deliberately apply a cube textured NiO surface film with good texture sharpness on the Ni.
A long sequence of problems including incomplete parts for the new processing furnace, gas dry-box atmosphere, degraded precursor chemicals, failed dipping control computer, failure of thermal processing enclosure tubes to seal, and cracked thermal processing enclosure tubes have delayed progress in this project. A new Al 2 O 3 tube is being ordered. In the meantime, other options for thermal processing are being evaluated.
Subtask 6.03 Coated Conductor Development and Program Management
• Attended the 1999 DOE Wire Workshop and discussed the status of coated conductor development and the need for revision of the Roadmap with members of the Advisory Committee and others.
• HTS management work was continued. DOE provided the FY-99 funding for the program by contract modification.
Subtask 6.04 Optimum Conductor
A one-meter long silver sheathed BSCCO tape was measured for critical current in self-field at liquid nitrogen temperature. This measurement was performed to check out the equipment and procedure in an attempt to eliminate previous problems encountered. A length of tape, slightly longer than one meter, was used for the measurement first to keep the relative magnitudes of the quantities measured large and second to determine if the properties would be uniform over its length. The tape was clamped to #12 copper wire and the copper hook-up wire served as the principal load without the need for a ballast resistor in the circuit. Measurement leads were soldered to the tape near either end and at the mid length and 3/4 length. The leads at the ends were approximately 2 inches from the power leads and clamps. The distance between the measuring leads was one meter such that it would be a simple matter to adjust the current until the measured voltage was 100 µV in accordance with one µV/cm criteria for the critical current.
The cold box was filled with liquid nitrogen to a depth of approximately 1/2-inch to completely cover the tape and the cable clamps attaching the power leads. All measurements were made manually and the working time until the nitrogen level dropped to expose the cable clamps was approximately 45 minutes. The current was varied from .09 Amperes to 4.8 Amperes and the voltages measured with a Kiethley nanovoltmeter. The lower current limit was the lowest available from the power supply, other than zero, and the upper limit was arbitrarily made with the observation that the voltage drop was 200 µV which would indicate twice the critical current was flowing based on the 1 µV/cm criteria.
The test over the range of current was done twice to assess repeatability, which appeared to be good. The overall critical current based on the 1 µV/cm criteria was found to be 3.45 Amperes which correspond to an engineering current density value of 356 A/cm2, a rather low value. Over part of the range in current, measurements of the intermediate voltage taps, the mid-length and three-quarter length points were recorded as well. Later, these measurements were used to deduce the critical current for the first half as well as the third and fourth quarters of the tape length. The results were 4.40, 2.46 and 4.50 Amperes respectively. From this, it is apparent that the tape may have a defect somewhere in its third quarter of length. While care was exercised in its handling, the tape is unforgiving to moderate strain and it may have been inadvertently damaged. Additional tests will be performed to ascertain changes inherent to repeated cool-down and the length in question will be probed to determine whether the higher voltage drop region is localized.
Subtask 6.05 Cost Performance Analysis of Potential Manufacturing Processes
Study Comparing PLD and Electron Beam Deposition
The report 1 of this study was finalized for submission to DOE. The curve of cost sensitivity to deposition rate was changed to reflect the deposition rate in each vacuum chamber for the PLD case which was based on using eight parallel chambers for the base case. The result is included as figure  6 .05-1. As can be seen, the result shows PLD in a much better light if the deposition rate is limited by rate of deposition on the target as opposed to rate of expulsion of the precursors from the target.
MOCVD Process
Work continued on defining a model of the Metal Organic Chemical Vapor Deposition (MOCVD) process. This process uses the HTS precursors in the form of Y-thd, Ba-thd and Cu-thd, where thd stands for 2,2,6,6-tetramethyl-3,5-heptanedionate. The thd compounds vaporize at low temperatures, all less than 200°C at process pressures. They decompose at higher temperatures such as are found in the vicinity of the substrate into the desired Y, Ba, and Cu precursors and thethd component. The latter must be pumped out of the chamber by the vacuum system. A carrier gas of argon or nitrogen is used to transport the vaporized compounds from ovens to the close vicinity of the substrate.
At this point, the heat transfer from the heated substrate decomposes the -thd compound. The -thd compounds become gases and the Y, Ba, and Cu precursors can then diffuse to the substrate surface and form the desired YBCO compound and crystalline structure.
The design of the chamber needs to take into account the functional requirements in such a way that efficiency of utilization of the precursors is optimized. This leads to at least two criteria. First, the aerodynamic shape of the chamber should promote deceleration of the transport gas flow so that it is at as low a velocity as possible when it reaches the immediate vicinity of the substrate. Otherwise significant amounts of the precursor will be transported around the edges of the substrate and exhausted from the chamber with the carrier gas. The second criterion is that a large flat substrate surface cannot be tolerated, as there will be grossly uneven distribution of the material and thickness of the deposit. This is because the streamlines of the carrier gas must curve around the substrate. This will tend to give more deposition around the edges of the substrate surface. This would seem to dictate that relatively narrow strips of substrate be coated, e.g. the final conductor width such as one cm width. The issue of whether to manufacture a single wide strip and then slice it to the desired width versus manufacturing the conductor in the desired width was not resolved for the electron beam and PLD processes previously studied. At least two of the leading researchers in coated conductors have advocated using wide strips and then slicing them. Others, particularly materials engineers have stated that this will result in excessively large losses of material at the edges. An inherent advantage of using a wide strip is that the tape handling equipment, which must be inside the vacuum chamber, can be simpler than for handling a large number of narrower tapes.
Optimization of the material utilization efficiency for the MOCVD process is critical because the precursor materials are very expensive, perhaps prohibitively so. Scaling of current laboratory quantity prices to commercial scale gives prices around $5,000/kg. One manufacturer 2 has stated that prices might possibly go as low as $1,000/kg in large quantities. Deposition on the chamber walls can be eliminated by controlling the wall temperature to be in the range between the precursor compound's vaporization temperature and the decomposition temperature. This, and design of the substrate deposition area to minimize blow-by of the precursors with the transport gas, could conceivably give high materials utilization efficiency. The materials cost for superconductor precursors alone at the $1,000/kg price would be reduced from $5.00/m at 15%efficiency to $0.88/m at 85% efficiency. These costs for the YBCO precursors can be compared with similar costs for electron beam deposition of $1.03/m and for PLD of $2.28/m. Thus, the MOCVD process should not be ruled out for commercial production based on YBCO precursor costs alone.
The issue of deposition rate is also critical because it will determine the number of parallel chambers that are required. References 3, 4, 5, 6 in the literature were reviewed for deposition at rates from 33 to 2,000 Angstroms/minute, however, quality at the higher deposition rates was not acceptable 5 in some cases. If one is able to achieve 1,000Angstroms/minute (17 Angstroms/sec) and the deposition area is one m 2 , 21 chambers would be required to meet the desired 18,000-km/yr-production rate.
Sol Gel Process
Preliminary work was also done on the system layout and material costs for the Sol Gel process. The material costs for the lanthanum aluminate (LaAlO 3 ) precursors, lanthanum isopropoxide and aluminum secbutoxide, were estimated for a 500µ thick buffer layer and they were $.0044/m, much lower than the other processes studied to date. Next quarter the YBCO costs will be estimated and a conceptual design basis for the capital costs will be developed.
Subtask 6.06 Development of Real Time Process Control Using In-Situ Diagnostics
Layer Film Thickness
The methods of reflectometry and spectroscopic ellipsometry have been examined in depth. The equations and mathematical methods of extracting film thickness data from each of these methods has been analyzed in conjunction with the theory of each method to determine which method would be the best method to implement considering several factors. Current and future needs of the superconducting industry, practicality, and cost effectiveness were just some of the factors considered. At this point in time spectroscopic ellipsometry is the most practical method of thin film measurement considering the constraints of process control.
Several ellipsometry algorithms and numerical methods are currently being evaluated in detail. Error minimization and precision analysis for the various methods of ellipsometry are also being evaluated along with several numerical methods and algorithms to extract the optical parameters from a complex thin film structure. Errors arising from optical components, misalignments and other sources are being analyzed to determine industrial cost of minimizing error in the various components of an ellipsometric thin film monitor. Superconducting crystals such as YBCO are highly anisotropic materials, which complicate ellipsometry algorithms. In a complex superconducting multi-layer film stack, this anisotropic crystal is usually deposited on a textured buffer layer. Considering the needs of industry and the constraints of process control, a complete cost, performance, accuracy analysis is being performed for various ellipsometric methods and algorithms. Other thin film measurement techniques are also being evaluated with the same parameters. Picosecond ultrasonics is one film measurement technique being evaluated which may turn out to be a viable option for future needs of the superconductor industry.
Schematics have been drawn for implementing a cost-effective spectroscopic ellipsometer that will concentrate on extracting film thickness data during process control. This system will be able to measure the thickness of several different layers simultaneously. Pricing and cost estimates of the various needed components have also been obtained.
A proposal for the components necessary for the construction of a cost-effective spectroscopic ellipsometer has been completed. This proposal includes an electrically modulated bifringent crystal to vary the state of polarization. Using this method, data can be collected at twelve hertz or better with no moving parts. This would provide extremely accurate data for reasonably low cost. Spectroscopic data would be collected from 430-700 nm, which provides the capability to measure thin films down to 10 Å very accurately.
Optical Scatterometry
Measurement of the surface roughness via BRDF requires employing the relationship between BRDF and surface topography. However, other characteristics affect the intensity of scatter and these effects must be included. The equation for BRDF is
where P i is the incident power, P is the scattered power, θ s is the scatter altitude angle, Ω is the receiver solid angle, λ is wavelength of the incident radiation, θ i is the angle of incidence, Q is the reflectivity polarization factor, and S f f x y , d i is the two dimensional surface PSD.
The Q factor accounts for all variations in the scatter intensity not due to surface topography. The effects of Fresnel reflectance, ellipsometry, surface waves, etc. are included in Q. An accurate estimate of Q can be obtained from simple reflectance measurements when the surface is a good reflector. Since not all surfaces of HTSC coated conductors are good reflectors, more accurate expressions were used to provide Q. Q depends on the polarization of the incident radiation and detector polarization. For an unpolarized source and polarization insensitive detector, Q is the sum of four terms as follows:
The expressions for the Q αβ are In these equations s and p subscripts are the commonly used notations for the polarization directions perpendicular (s) and parallel (p) to the plane of incidence or plane of scatter. Also φ s is the scatter direction azimuthal angle and ε is the complex dielectric constant. These equations, due to the complicated nature of these equations and the variety of scatter geometries under considerations, were programmed (in LabVIEW™) to simplify their use in scatter calculations.
Calculations of the Q αβ were done for Ni which has a complex index refraction at 0.670µ of ε = -11.00 +16.29i based on a value of 2.08 for the index of refraction and 3.915 for the extinction coefficient. 10 Figures 6.06-1 -6.06-5 show the values of the Q αβ for Ni as a function of the scatter angle for a few configurations. For these graphs, any of Q αβ not shown are identically zero. Also when comparing the figures it is necessary to note the different vertical scales 06-1 and 6 .06-3 show a dramatic difference in Q pp for this angle of incidence. In Figure 6 .06-5, which is for off axis scatter, all the Q αβ except Q ss are non-zero and Q sp and Q pp dominate over most of the range of applicable θ s . The new scatterometer mount ( Figure 6 .06-6) was installed on the FMS. The new mount allows both the laser and the scatter detectors to be mounted at angles from 0° to 80° (θ i and θ s ) in increments of 10° in both the forward (φ s = 0°) and backward (φ s = 180°) directions. The mount also made it much easier to align a forward scatter detector to measure the spectrally reflected laser light. The previous mount was limited to angles of 0°, 15°, 30°, 45° for the scatter detectors (in the backscatter or (φ s = 180°) direction only) and ~67° for the laser incidence angle. The new mount provides access to a greater range of spatial frequencies (0 to 2.872 µm -1 as opposed to 1.3 to 2.4 µm -1 available with the older mount) since the laser and detectors can be installed at any of the angles.
Figure 6.06-6 Improved FMS Scatterometer Mount
The new mount was used to make scatter measurements from as rolled Ni. The results are shown in Figure 6 .06-7 for 15 different scatter directions (each labeled with the scatter direction -most of which could not previously be measured). Scans of Figure 6 .06-7 in the scatter direction range between (θ s = 0°, φ s = 180°) and (θ s = 45°, φ s = 180°) can be considered typical of previous results.
As was done previously, the scatter was measured transverse to the rolling direction of the Ni and the laser incidence angle (θ i ) for these scans was 60°. Each image shown in Figure 6 .06-7 represents a 0.0625 inches square portion of the Ni sample and was scanned at a resolution of 0.000625 inches. The rolling direction is horizontal in the figures. Each figure was normalized to its maximum and minimums for best presentation. The color bar at the bottom of the figure gives the meaning of the colors (0 = red = minimum, 1 = purple = maximum). Since only four detectors are available the 15 different scatter angles of Figure 6 .06-7 were made in four separate scans. Small differences in the start position between the scans explain the displacement in scatter features among some of the figures [i.e., (θ s = 50°, φ s = 0°) and (θ s = 70°, φ s = 0°)]. laser, and scatter in this direction cannot be measured since the laser and a detector cannot be located at the same angle). The (θ s = 50°, φ s = 180°) shows a somewhat diffuse feature running along the rolling direction while the (θ s = 70° and 80°, φ s = 180°) show well defined narrow features transverse to the rolling direction. Further investigation will help identify the features.
Absorption Spectroscopy of MOCVD Precursors
The experimental apparatus was fully assembled and checked out for the feasibility study of Absorption Spectroscopy (AS) as a control measurement for the gas flow concentrations of YBCO precursors in the Metalorganic Chemical Vapor Deposition (MOCVD) processing scheme. Checkout included measurements of the well know NO UV absorption spectra at several concentrations, and a linear Beer's Law response was obtained as expected. Vacuums of better than 0.05 Torr could be maintained in the sealed vaporization chamber for over 12 hr., allowing time for several detailed transmission scans from 200-400 nm with 10 data points detailing the 0.05 nm spectrometer resolvable lines.
Spectral absorption levels were acquired between 200 nm and 400 nm on small samples of Cu(THD) 2 , Y(THD) 3 , and Ba(THD) 2 . (THD is 2,2,6,6-tetramethyl-3,5-heptanedionate, also called DPM, which stands for dipivaloylmethane.) The absorption was substantial passing through the 50.8 cm long vaporization chamber, and no multi-pass absorption measurements were needed. Due to high absorption for sapphire windows at wavelengths shorter than 230 nm, baseline signal levels were small. Thus, to adequately measure absorption in the 200-230 nm region, as needed for Cu(THD), additional scans were run at higher gain levels for these short wavelengths. Resulting scans for Cu(THD) 2 are shown in Figures 6.06-8 and 6.06-9, and scans for Y(THD) 3 and Ba(THD) 2 are presented in Figures 6 .06-10 and 6.06-11. The measured absorption bands are very similar to measurements of other researchers 11, 12 except for the large band from 200-250 nm for Ba(THD) 2 . Because this band was not previously identified, added scans were taken to rule out sample contamination due to events such as a vacuum chamber leak or increased Sapphire window absorption at these temperatures. This did not identify why this band exists, and further examination is needed using an alternate source of Ba(THD) 2 . The most plausible explanation for the "new" peak is degradation of the Ba(THD) 2 which has been in storage for almost a year. Once new Ba(THD) 2 can be obtained the emission measurements will be repeated to ascertain if the Ba(THD) 2 used initially had degraded. Added study is also needed of the 200 -260 nm Cu(THD) 2 bands to determine if the additional band structure observable in Figure 6 .06-9 is a measurement artifact. A comparison of our measured and previously reported absorption band peak wavelengths is presented in Table 6 .06-1. The previously identified wavelengths as reported in references 1 and 2 were not identified for MOCVD conditions. In addition, calculations of extinction coefficients at the different wavelengths of the band peaks we measured is given in Table 6 .06-1. The extinction coefficient a = A/(b·C) is based on a species absorption path length b = 50.8 cm. Objectives for next Quarter include examination of the combined absorption spectra for Cu(THD) 2 , Y(THD) 3 and Ba(THD) 2 to see if their absorption bands are sufficiently distinguishable for simultaneous measurements of precursor species. Further definition of the Beer's Law constants is needed for the precursors as well, and the concentration range corresponding to linear Beer's Law response needs to be identified for each precursor. 
Raman Spectroscopy
Work on this project for the reporting period concentrated on improving the optics of the experimental apparatus and quantification and characterization of the system performance. The Raman spectrometer was realigned to improve its performance.
Subtask 6.07 Innovative Manufacturing Processes for Coated Conductors
Work on this subtask was previously terminated, however, a technical paper based on the work completed entitled, "Non-Vacuum Laser Deposition of Buffer Layers for Coated Conductors" has been published in the Journal of Thin Solid Films. A copy of the paper is appended to this report. The soil removed from around the diesel tank did not pass the required chemical analysis and will have to be landfilled. Actions to dispose of the TRW tote bins filled with ash and spent seed are at a standstill due to lack of DOE approval to drop the bins from TRW accountability.
Work on the High Temperature Superconductor projects continue substantially on schedule.
There are currently no tests scheduled in the DOE facility and no good prospects although effort are continuing to find a suitable test program.
TASK AND COST VARIANCES
The positive variance in Task 2 is because funds were budgeted in this task in the approved management plan but no funds have been authorized by DOE and no charges made. The positive variance is Task 3 is due to amounts budgeted in the approved management plan and not authorized until later in the fiscal year so spending is behind schedule. The positive variance in Task 6 is entirely due to the fact that the planned budget includes the period through the end of March but the March labor does not get posted to the accounting ledgers until April. Most high temperature superconducting (HTS) thin films have been deposited on single crystal substrates of refractory oxides. Although single crystal substrates promote the growth of oriented epitaxial films, and are suitable for electronic applications, these substrate materials are not suitable for conductor applications, such as electric power transmission and energy storage using magnetic tapes, wires, and cables. 1, 2 In order to extend the usefulness of superconducting (YBCO) films to these applications the growth of high quality thin films onto flexible polycrystalline metallic alloys such as stainless steel or nickel based superalloys is desirable. 3 It has been shown, however, that films deposited directly on these substrate materials exhibit poor superconducting properties 1, 4 possibly due to interdiffusion of elements from the substrate metal into the YBCO and problems obtaining the desired c-axis orientation of the films. 5, 6 In view of these limitations, it has been demonstrated that a yttria stabilized zirconia (YSZ) intermediate (buffer) layer can yield YBCO films of higher quality, as demonstrated by improved c-axis alignment with higher critical temperatures (T c ) and currents (J c ). 2, 7, 8 Similarly, a YBCO thin film on stainless steel substrate with silver buffer layer has achieved T c = 80 K and J c = 3 x 10 3 A cm -2 at 40 K. 9 Thus, untextured metal base subsequently coated with a textured metal, metal oxide or ceramic will provide a template for textured growth of the HTS ceramic material deposited on it at the same time preserving the requirements of strength, flexibility and thermal expansion compatibility for commercial applications.
At present, there are two attractive processes for making textured substrates, neither of which demonstrated scalability or economics. In the ion beam assisted deposition (IBAD) 3 process the starting point is a commercially available metal base on which a textured layer of YSZ or cubic zirconia is deposited with an ion beam deposition process. The YSZ coating provides both the texture and the chemical isolation of the base metal base. The limitation in this process is extremely slow processing of the ion beam coating which must be performed in an evacuated environment. An alternate approach is the rolling-assisted-biaxially-textured-substrates (RABiTS) 10 process where a suitable base metal is itself textured by cold or hot working. The resulting textured base metal is subsequently coated with a single or multiplicity of buffer layers which again provide for maintenance or improvement of the base metal texture while providing a chemical barrier to isolate the base metal from the superconductor material. The mechanical work process in this case is deemed immediately scalable to commercial lengths and quantities. However, the pulsed laser deposition process required for replacement of the buffer layer is a limitation in speeding up the process and like IBAD process requires evacuated environment.
As mentioned earlier, buffer layers are required to both chemically isolate the HTS coating from the substrate metal as well as the substrate metal from the HTS or its precursors in the fabrication process. In addition, buffer layers applied should either maintain or enhance the texture of the final surface where the HTS coating is to be applied, and for economy and performance should be as thin as practical. Specialized methods for depositing thin films of buffer layer material are essentially the same as used for depositing HTS material or precursor material thin film thickness up to 2 µm. The processes generally employed can be broadly categorized into vacuum or non-vacuum.
The vacuum techniques utilized to produce high quality buffer layer films include sputtering, [11] [12] [13] thermal and electron beam evaporation, 14-17 molecular beam deposition, 18, 19 and pulsed laser deposition. 3, 8, 20, 21 On the other hand, the non-vacuum techniques are sol gel processing, 22, 23 metal-organic decomposition, [24] [25] [26] [27] electrodeposition, 28, 29 aerosol (spray) pyrolysis, 30, 31 electrophoresis, 32, 33 and screen printing. 34 The vacuum-based methods have two shortcomings for long wire or tape production. Firstly, there is a considerable difficulty in incorporating such a vacuum system into a continuous process. Secondly, many of the vacuum processes are line of sight dependent in that the vapor deposition essentially emanates from a point source. While vacuum methods have proven to be economical for batch processing of items, their extension to continuous wire production, even with submicron thickness, remains skeptical. On the contrary, non-vacuum processes have potential, but none have proven for the specific case of thin buffer layer and in particular texturing such layers. Thus, in any event, the ability to produce substrate with coating (buffer layer and/or HTS) in sufficient quantity and length for coated conductor development is a crucial and necessary prerequisite.
In view of these materials and process limitations, the present efforts were directed toward deposition of a thin CeO 2 buffer layer on a polycrystalline nickel substrate using nonvacuum pulsed laser deposition technique. The technique attempts to utilize several benefits such as excellent control on the stoichiometry of the deposit, high rate of deposition, ease of deposition and atmospheric environment, which together provide high potential for commercialization. The present efforts were, however, confined to demonstration of only the feasibility of the technique to deposit a thin and uniform stoichiometric buffer layer in consistent and repeated manner in non-vacuum environment. The work is going on to extend the technique to produce a textured buffer layer on the polycrystalline substrate and the results will be presented in the future publications.
II. Experimental
The present experiments were conducted using Lumonics TEA-CO 2 laser operated in pulsed mode. Pure nickel substrate (25 mm x 25 mm x 3 mm) was mechanically polished on various grit papers followed by final polishing with 0.3 µm diamond paste to mirror finish. The sample was traversed under the laser beam using a CNC system to provide constant linear translation of the work-piece. Several laser tracks were laid with overlap of about 20% to achieve entire surface coverage.
A dynamic fluidized-bed powder feeder (designed and fabricated in-house), delivered the precursor powder (CeO 2 ) at the laser-materials interaction region. A pneumatic vibrator in conjunction with high-pressure carrier gas breaks the powder clusters into individual particles by breaking the weak electrostatic forces between them. The high-pressure carrier gas also fluidizes the powder particles and entrains to the laser-material interaction region via a delivery tube. An air filter at the top of the powder container avoids excessive pressure build-up while ensuring a continuous and smooth powder flow. The carrier gas flow rate controls the powder delivery rate. Efficient powder delivery can be achieved by selecting a proper combination of the inlet carrier gas flow rate and the frequency of the pneumatic vibrator. In addition, as the inlet gas is a carrier for the powder, it provided a reactive environment at the laser-material interaction region. In the present case, the mixture of Argon or Helium with Hydrogen was the carrier gas. Presence of Hydrogen in the carrier gas mixture provided a strongly reducing environment to prevent oxidation of the nickel substrate.
The experiments were carried out using two sets of materials and processing parameters as mentioned in Table 1 and Table 2 . The selection of the parameters in Table 1 was based on the ease of adaptability of the process in non-vacuum environment and also the ease of availability and handling of the precursor powder (CeO 2 , 900 nm average particle size). On the contrary, the parameters in Table 2 were subsequently chosen to address the issues such as uniformity of the deposited layer, spatter, etc. encountered during the experiments conducted using the parameters in Table 1 .The schematic of experimental set-up used during these efforts is illustrated in Figure 1 . The laser treated samples were evaluated for topographical features using scanning electron microscopy (SEM) and for elemental and phase analyses using energy dispersive spectroscopy (EDS) and X-ray diffractometry.
III. Results and Discussion
The use of TEA-CO 2 laser in conjunction with the powder feeder in the present study is justified based on the following hypothesis. Sub-micron size precursor powder is required to evaporate using high intensity laser beam in the vicinity of a metal substrate surface in the atmosphere of mixture of inert and reducing gas to generate vapor. The vapor in turn condenses on the substrate surface depositing an ultra-thin film of the desired stoichiometry. In addition to above requirements, it is also required to choose appropriate laser processing conditions to totally avoid occurrence of metallurgical (texture) and chemical (phase) changes in the surface/subsurface region of the substrate if a textured substrate such as RABiTs is used.
In light of above requirements, TEA-CO 2 laser is assumed to provide suitable thermal conditions for deposition of the thin layer without causing any thermal changes within the substrate material. The assumption was further verified for pure nickel substrate exposed to the TEA-CO 2 fluences obtained with parameters mentioned in Table 1 . Figure 2 includes the optical micrographs of microstructures of the nickel sample before and after exposure to laser treatment. It appears that the original grain structure of nickel prior to laser treatment (Figure 2a ) has remained undisturbed after exposure to high energy, short duration repeated pulses of TEA-CO 2 laser (Figure 2b ) thereby preserving the texture of the original material. Such preservation of the texture is also expected to preserve original chemical configuration (phase). Thus preservation of the substrate material structure is beneficial for textured substrate such as RABiTS. Figure 3 is includes SEM micrographs showing topographical features of the nickel sample coated with CeO 2 film at traverse speeds of 100 mm/min and 500 mm/min followed by three times and fourteen times respectively post-deposition cleaning. Rod-like spatter along with spherical particles is indicative of the various temperatures attained by these features prior to settling on the substrate. The region between these features is ultra-thin CeO 2 material (due to lack of availability of instrumentation, attempts were not made to measure the thickness of ultrathin film). This film is the result of direct condensation of evaporated particles and, therefore, they are very fine and expected to be near amorphous in nature. Such extremely fine particles are beyond the limit of resolution of presently used SEM. Figure 4 is a high magnification view of the region in Figure 3 (a) and x-ray elemental maps indicating the presence of CeO 2 thin film and the CeO 2 spatter (rod-like and spherical). This is further supported with both EDS analysis and x-ray diffraction analysis of the entire surface ( Figure 5 ).
Thus the above observations along with suitability and maneuverability of the TEA-CO 2 laser for deposition of the buffer layer in non-vacuum environment can be explained as following. Assuming no heat exchange with the surrounding and neglecting latent heat of melting, the laser energy (E v ) required to evaporate a particle is, (1) Where ρ is the particle density, C p is the specific heat of particle material, T * is the temperature of the particle during evaporation, Lv is the latent heat of evaporation of particle material, and r p is the radius of the particle. This energy required to evaporate the particle is provided by the absorption of the laser radiation (E a ) on the particle surface during the interaction time, thus (2) Where σ is the absorption cross section, I L is the laser beam intensity, and t i is the interaction time (laser pulse duration time). If the radiation wavelength and radiation penetration depth are small compared to the particle size then absorption cross section is simply the particle cross section, πr p 2 . However, in our experiments the average size of the particles was much smaller than both the laser wavelength and depth of radiation penetration into the material. Therefore, the cross section of the laser radiation absorption is different from particle cross section [35] , which is given by the following equation (3) Where ω is the angular frequency of radiation (ω = 2πc/λ, λ is the wavelength of the CO 2 laser beam which is 10.6 µm), c is the velocity of light, and ε´ and ε" are real and imaginary parts of dielectric constant respectively.
The values of powder feed rate, particle size, and material density allows to estimate the number density of particles within the beam interaction volume. The estimations show that the number density is always low, and consequently the extinction of the laser beam in the powder cloud is small. The beam-particle interaction can be, therefore, considered for an individual particle. Thus from equations (1), (2), and (3) an expression for the laser beam intensity (I L ) required for the complete evaporation of the particle of given size during given interaction time is as following The estimated intensity level exceeds the threshold of near surface optical breakdown, which is typically in the range of 10 6 -10 7 W/cm 2 . The near surface plasma formation must, therefore, accompany the particle evaporation. The present estimation, however, does not account for the heat input from the plasma due to radiation and conduction. Obviously, this additional heat input will significantly lower the intensity of the laser beam required for evaporation. Thus, the laser intensity of 10 8 W/cm 2 is sufficient to completely evaporate the powder particles. ) will at the same time produce a significant heating of the substrate material. In case of one-dimensional heat transfer and surface beam absorption the temperature of the surface (T s ) exposed to the laser beam can be found using the relation (5) Where α is the heat diffusivity, and κ is the heat conductivity. Assuming the coefficient of absorption of mirror polished non-oxidized metal substrate surface, A * ≈ 0.03 and substituting the estimated laser intensity (I L ≈ 10 8 W/cm 2 ) required for the particle (CeO 2 ) evaporation in the formula (5), it shows that the possible maximum surface temperature increase for nickel substrate (used in the present study) does not exceed 1300K (for nickel, α = 0.18 cm 2 /s, and κ = 0.67 W/cm.K). As it was mentioned above, the additional heat input from the plasma lowers the necessary laser beam intensity. In addition the absorption of the laser radiation in the breakdown plasma significantly reduces the intensity of the laser radiation delivered to the surface. It is reasonable, therefore, to expect that the increase in the surface temperature of nickel must be rather very small. With such low temperature rise in the substrate the heat related metallurgical (texture) and chemical (phase) changes are not expected to occur as observed in Figure 2 .
This illustrates that a suitable candidate for providing desired processing conditions is TEA-CO 2 laser. The laser provides the pulses with the shape consisting of a high intensity peak of approximately 500 ns duration on the half width followed by the lower intensity (≈ 5 to 8 times) tail which lasts, depending on the laser medium mixture composition, for 1-3 µs (Figure 6 ). This long duration tail is capable of producing thermal damage to the metal surface if the interaction is conducted in vacuum. On the contrary, during the interaction in ambient gas environment (nonvacuum), the near surface plasma produced by optical breakdown can shield the target from the effect of the tail. Thus, with proper selection of the shield gas parameters it is possible to achieve the conditions when only high intensity 500 ns leading peak capable of evaporating the powder particle and incapable of producing thermal changes within the substrate is produced and transmitted into the interaction region, while the lower intensity and longer duration tail is absorbed in the near surface plasma. Such conditions are suitable for conducting laser processing of materials in non-vacuum environment.
The threshold of near surface optical breakdown for CO 2 . This threshold, as calculated above, is close to the power density required for the evaporation of the particle. Besides the presence of evaporating particles can, probably decrease the breakdown threshold to even lower value. In view of this, the target shielding is expected for longer times than the time required for complete or partial evaporation of the particle. In the present estimations, therefore, the value of the interaction time was used. The interaction time is comparable with the width of the leading peak in the laser pulse under the assumption that the plasma screens the powder injection zone and the sample surface.
At this juncture, it is relevant to point out that on the contrary, the use of the lasers with shorter pulse duration, such as Q-switched YAG laser which provide 10-30 ns pulses, is not suitable for non-vacuum ultra-thin film deposition. As seen from equations (4) and (5), in efforts to satisfy the requirements for evaporating the particle with shorter pulse duration, the substrate temperature can reach near or beyond the damage threshold. As mentioned above, theoretically TEA-CO 2 laser provides suitable conditions to evaporate the precursor particles for ultra-thin layer deposition on the substrate. However, the deposited layer appeared to consist of several rod-like and spherical spatter particles along with partially and unmelted powder particles (Figure 3 ) for the sample processed using the conditions in Table 1 . Such situation exists because all powder particles do not experience exactly the same thermal conditions during their flight within the beam, which is a function of powder particle morphology and their flight path. For a fixed particle size, its path of flight into the laser beam is decided by the angle of powder jet injection with respect to the laser beam axis as shown schematically in Figure 7 .
Typically the spatial distribution of the energy within the beam has higher level of energy density in the middle followed by gradual decrease in radially outward direction. Depending upon the angle of powder jet injection, some particles travel entirely through lower energy density region there by never experiencing the thermal conditions to evaporate. On the contrary, some particles either initially or in the middle of the journey traverse through very high energy zone to completely evaporate, however, in the end before reaching the substrate surface, they have a long path through lower energy density zone. In this journey through lower energy density zone, the vapor particles coagulate and completely or partially solidify prior to reaching the substrate surface. These partially and completely solidified particles are the source of contamination and spatter in the film. Selection of finer particle size and suitable (optimum) angle of powder jet injection is expected to subject all particles to same optimum thermal conditions within the laser beam for complete evaporation followed by condensation of spatter free thin layer.
In view of these considerations, the following efforts were conducted by employing the parameters mentioned in Table 2 . Figure 8 illustrates near 100% surface coverage for CeO 2 layer when processed at 20 Hz pulse frequency. The layer is spatter-free, uniform and smooth ( Figure  9 ). Further, EDS and x-ray analyses indicated the layer is stoichiometric CeO 2 ( Figure 10 ). Other several samples processed at different pulse frequencies resulted in rough films with incomplete surface coverage.
Several attempts indicated that the powder jet inclination at 30° with the laser beam axis provided suitable thermal conditions to deposit spatter free layer (Figures 8 and 9 ). Also use of much finer powder particles (12 nm) assured that the individual particle attained thermal equilibrium for evaporation in a very short time. For a given configuration of laser beam delivery and powder delivery, along with a 30° powder jet inclination provided a shortest path between the evaporated powder particles and the substrate surface. Thus the combination of the finer particles and 30° powder jet inclination provided a smooth and spatter free CeO 2 layer on the polycrystalline Ni-substrate.
IV. Summary
A thin CeO 2 buffer layer was successfully deposited on the polycrystalline Ni-substrate using pulsed TEA-CO 2 laser in non-vacuum environment. The layer was stoichiometric in nature. Under the optimum processing conditions including the 30° powder jet inclination and use of the nano size powder resulted in deposition of smooth layer on the entire surface of the substrate. 
